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SUMMARY

Loftin,Jr_.

An experimentalinvestigationhasbeenmadeofthepressuredis-
tributionabouta circularcylinderatyawanglesofOo,19, 300, 450,
and63°forRe

Y
ldsnumbersfrombelowthecriticalvalueup to

about9.0X ti . TheReynoldsnumberisbasedonthecylinderdiameter
andthecomponentofvelocitynormalto theleadingedgeof thecylinder.

. TheMachnumberoftheflownormaltothecylinderwaslessthanO.2for
alltests.Theresultsoftheinvestigationindiqatedthat,fortherange
of”Reynoldsnumibernearandabovethecriticalvalue,t’heflowandforce. characteristicsofa yawedcircularcylindercannotbe determinedonly
by thecomponentofflownormalto theaxisof the cylinder. For example,
thecriticalReynoldsnurfiberdecreasedfrom3.65X 105fortheunyawed
cylinderto 1.00X 105forthe@o yawedcylinder,andthesupercritical
dragcoefficient,basedontheflownormalto theleadtigedgeofthe
cylinder,increasedfromapproximately0.I.8for0° yawto approximately
0.74 for60°yaw. Inaddition,thelocalizedregionsoflaminarsepa-
rationthatappearedinthesupercriticalrangeofReynoldsnuder on
theunyawedcylinderwerenotaswelldefinedatyawanglesof 15°and
30° andcompletelydisappearedatyawanglesofk50and@o.

INTRODUCTION

Theoreticalinvestigationsoftheboundary
nitelylongwingsandbodies(references1 to 3)

layeronyawed,infi-
haveshownthatthe

characteristicsof laminarboundarylayersinplanesatrightangles
totheaxisofthebodycanbe consideredas independentoftheaxial.
flow.Forthosecasesinwhichregionsof turbulentflowexist,the
flowinnormalplanescannotbe showntobe independentoftheaxial

. velocity.Thedegre”etowhichflowfieldsh planesnormaltotheaxis
ofyawed,infinitebodiescanbe approximatedby assumingthatthenormal
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2 NACATN 2463

andaxialcomponentsoftheflowareindependent,however,isnotknown
forthosecasesh whichturbulentflowexists.Theaccuracyofsuch
anapproximationwouldbe expectedto dependon suchvariablesas the
relativeextentsofMminarandturbulentflowintheboundarylayer,
thewidthofthewakeandthedegreepfturbulenceinthewake,the
existenceandsizeof localizedregionsof laminarseparation,andthe
presenceandextentofseparationoftheturbulentboundarylayer.

A lmowledgeofthemannerinwhichan axialvelocityinfluences
flowfieldsinvolvtigturbulentmtion is importantinrelationtothe
analysisoftheaerodynamiccharacteristicsofyawedwingsandbodies.
Forthisreason,a shortexperimentaltivestigationhasbeenmadeof
theflowabouta circularcylinderat severalanglesofyaw. A cir-
cularcylinderwaschosenfortworeasons.First,ifthepresenceof
anaxialcomponentofvelocityhasimportanteffectsonflowsinvolving
turbulentmotion,sucheffectswouldbe expectedtobe largeandeasily
deterndnedfora circularcylinderthroughthecriticalrangeofReynolds
numberbecausewideturbulentwakes,localizedregionsof laminarsepa-
ration,andseparationoftheturbulentboundarylayerarepresent.
Second,thecharacteristicsofyawedctrcularcylindersareofinterest
inconnectionwiththeproblemofcalculatingtheforcesacttigonslen-
derbodiesofrevolutiaat anglesofattackoryaw. Forthisparticular

.

problem,itisof specialtiterestto learnwhetherthesharpdecrease
indxagwithina shortrangeofReynoldsnumber,whichischaracteristic
ofunyawedcircularcyltiders,is independentoftheyawanglewhenthe

.

Reynoldsnunberisbasedonthenormalcomponentof flow.

Theinvestigation,“conductedinthe‘Langleylow-turbulencepres-
suretunnel,consistedofmeasurementsofthecircumferentialpressure
distributionona 2-inch-diametercircularcylinderforyawanglesof
0°,17, 300, 45°, and60° forReynoldsnumibersfrombelowthecritical
valueupto about5.() X IOs. TheReynoldsnuriberisbasedonthecylin-
derdiameterandthecomponentofveloci~normalto thecylinderaxis.
AlltestsweremadeatMachnuuiberslessthan0.2.

Theinvestigationdescribedherein~s s~gestedbyDr.ArnoldM.
KuetheoftheOfficeofAirResearch,U. S.AirForce.

.

.
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SYMBOLS

cylinderdragcoefficientbasedon flownormalto axisof

(J

x

)

.+

cylinderandcylinderdiameter- S d(sine)
o

diameterof cylinder‘

free-streamtotalpressurenormaltoaxisofcylinder

cylinderlengthbetweentunnelwalls

localstaticpressure

Reynoldsnumberbasedon cylinderdiameterandcomponentof
veloci~normalto @s ofcylinder(V@/V)

()

%n-P
pressurecoefficient—

$ pvn2

free-streamvelocity

componentofvelocityindirectionnormalto axisof cylinder

azimuthangle \

free-streamkinematicviscosity

free-streamdensity

yawangle

APPARA!rusAm TESTS

Windtunnel.-Theinvestigationwasconductedh theLangleylow-
turbulencepressuretunnel.Thetestsectionmeasures3 feetby 7.5
feetandth;model,whenmounted,completelyspannedthe3-foot -
dimension.A turbulencelevelofonlya fewhundredthsofa percentis
attainedinthetunneltestsectionby,meansofa largeareareduction

.
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4

throughtheentranceconeanddensescreensh thelargesection-ahead
oftheentrancecone.Pressurizationandevacuationof thetunnelper-
mita widevariationofthetestReynoldsnumberforanygivenmodel.
A morecompletedescriptionofthetunnelmaybe $oundinreference4.

Model.- Alltestsweremadeon a 2-inch-diametercircularbrass
tubefittedwitha static-pressureorificeat eachof threespanwise
stations(6inchesapart)butatthesameazimuthangle.Thenmdel
extendedthrdughthetunnelwallsandwasconnectedtoa drivesystem
whichpermitted’rotathnofthecylinderaboutitsaxis.Thepressure
couldthereforebemeasuredatanydesiredpointonthecircumference
ofthecylinder.Thesurfaceofthemodelwasmatitatiedh anaero-
mca~y smoothconditimby wlishtigwithrougepaper.

Figure1 showsthee
7
erlmentalconfiguration,deffiestheveloc-

itiesandangles(fig.l(a),andshowsthelocationofthestatic-
pressureorificesrelativetothetunnelwallsforthevariousyawangles
(fig.l(b)).Threestatic-pressureorificeswereusedformeasuringthe
pressuresh orderto checkthetwo-dtiensionalityoftheflow.Forthe
variousyawangles,figurel(b)showsthatthelocationsoftheorifices
withrespectto thewalldonotcoincide.Thisconditionco~d ~t be
avoidedbecauseof spacelimitationsInthelocationofthedrivemechanism. .

(Thelargeratioofcyltierlenmh to diameter$ = 18 for V = 0° to

z )–= 36 for v . &)” waschoseninorderthatan infinitelylongcylinder -D
mightbe simulatedasnearlyaspossible.Becauseofthesmalldiameter
ofthecylinder,thecorrectionto thedynamicpres8ureresultingfrom ‘
thepresenceofthetunnelwallswaslessthanone-halfof 1 percent.
Thisverysmallcorrectionwasnotappliedtothedata.

Tests.- Circumferentialpressuredistributionsweremeasuredat
thethreespanwisestationsforseveralReynoldsnwibersandforyaw
anglesof0°,1~, 30°,45°,and60°. TherangeofReynoldsnuniber,
basedonthecylinderdiameterandthecomponentofvelocitynormalto
theaxisofthecyltnder,variedsomewhatforeachyawanglebutwas,
ingeneral,frombelowthecriticalrangeto about5.0X 105. Inorder
tonatitatiMachnumberssubstantiall.ybelowthecrittcalvalue,tank
pressuresofthetunnelwereregulatedsothattheMachnumberofthe
flownormalto thecylinderwaslessthan0.2foralltests.

RESUEL’SANDDISCUSSION

Two-dimensionalityof data.-Beforetheeffectofyawonthe
characteristicsofthecylinderisdiscussed,thequestionofwhether
theflowphenomenaareuniformacrossthespn of thecylinderforthe
differentyawanglesshouldbe considered.Comparisonsforthe

—. ——— -— — -——-— — ——-—.—
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differentyawanglesof thepressuredistributionsmeasuredby thethree
spanwisestaticorificesinboththesubcriticalandsupercriticalranges
ofReynoldsnumberarepresentedinfigure2. Thepressurecoefficient
employedinfigure2 andsucceedingfiguresisbasedonthedynamic
pressurenormaltotheaxisofthecyllnder,andtheReynoldsnuriberis
basedonthecylinderdiameterandthecomponentofvelocitynormalto
thecylinder.

An inspectionofthedataoffigure2 tidicatesthatthereare
somevariationsinthepfessuredistributionsasmeasuredby thethree
spanwiseorifices.Thesevariationsaremostnoticeableinthesub-
criticalrangeandexistevenforthecaseinwhichthecylinderis
unyawed.It isnotclearwhetherthesevariationsresultfromsome
interactionbetweentheflowabouttheendsofthemodelandthetun.nel-
wallboundarylayerorwhethervariationsofsuchmagnitudewouldbe
expectedinanyso-calledtwo-dtiensionalflowinwhichextensiveregions
of separationandlargewakesexist.In anycase,thespanwisevariations
arerathersmallforallyawanglesanddonotappeartoformanycon-
sistenttrendwithyawangle.Consequently,ifanyendeffectsare
presentinthedata,sucheffectsarethoughttobe smallandrelatively
tidependentofyawangle.In thefollowingdiscussionandanalysis,
resultsarepresentedforonespanwisestationonly;thisstationis
the

.
for
the
are

oneclosesttothecenterlineof thetunnelinallcases.

Pressuredistribution.-Thepressure-distributiondataobtained
thecircularcylinderatyawanglesof0°,15°,30°,45°,and60°in
Reynoldsnumberrangefrombelowthecriticaluptoabout5.0X 10~
presentedinfigures3 to 7. Inallcasesthepressuredistributions

were-foundtobe s~etricalaboutthehorizontal&ameterofthecyl-
linder;consequently,onlyhalfofeachdistributionispresented.An
inspectionofthedatainfigures-3to 7 indicatesa numberofpoints
whichareperhapsworthyofcomment.Considerfirstthecaseof zero’
yaw(fig.3). ThepressuredistributionsforReynoldsnumbersof
2.00X 105and2.45x 105(fig.3(a))aretypicalofthoseobtainedh the
lowReynoldsnumberrangeandshowearlyseparatlon,oftheboundarylayer
whichimpliesa largewake.As comparedwiththepressuredistributions
forReynoldsnumbersbelow3.0X 105,thoseforReynoldsnumbersgreater
than3.5 x 105(fig.3(b))arecharacterizedby highpeaknegativepres-
suresandirregularitiesinthepressure-distributiondiagramjustbehind
theminimumpoint,followedby a relativelylongpressurerecoverybefore
separationoftheturbulentboundarylayeroccurs.The“flat”inthe
pressuredistributionsforthe~eynoldsnumbersofk.5kX 105and
5.96x 105andthesubsequentsteeppressurerecoverytidicatethepres-”

. enceofa localizedregionoflaminarseparation;thatis,laminarsepa-
rationfollowedby reattachmentof theturbulentbouudarylayer(refer-
ence‘j).If theReynoldsnuder wereinc~easedtoa sufficientlyhigh

. valueinthesupercriticalrange,transitionwouldbe expectedtomove
aheadof thepositionatwhichlaminarseparationwouldhaveoccurredhad

—. .—. —..— — _-——..-— _ ._ _. .——— .—.- —
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the%oundarylayerremainedlaminar,andundersuchcticmtances,a
localizedregionoflsminarseparationwouldnotexist.In orderto
simulatea R~lds numberof suchmagnitude,a 0.02k--inch-diameter
wirewasplacedO.5inchaheadofthemodelasa meansof inducingearly
transition.Theresultingpressuredistributionisshownh figure3(b)
andtidicatesthatno localizedregionoflamtnarseparationispresent.
Thedataofreferences6 and7 forcircularcyl@dersalsoindicatethe
presenceof localizedregionsoflaminarseparationofthetypediscussed
inreference5, althoughtheexistenceofsuchregionswasnotclearly
recognizedatthetimeofpublication.

A comparisonofthemeasuredpressuredistributimsatthelowest
Reynoldsnumberforeachyawangleispresentedinfigure8 andshows
that,h general,.thesubcriticalpressuredistributicmisrelatively
insensitivetoyawexceptfortherearward partofthecylinderatall
yawanglesandtheenttiecircumferenceofthecylinderattheyaw
angleof60°. Thesediscrepanciescanbe explainedby thefactthat,
althoughthelaminarboundarykyer overtheforwardpart ofthecyl-
inderispresumablytidependentofthecrossflowaccordingto refer-
ences1 to 3,theclmracteroftherelativelylxrgeturbulentwakewhich
hasamimportantinfluenceonthe~essuredistributionianotinde-
~endentofthecrossflow.

An fipectionofthemeasuredpressuredistributionsforthe
&Lfferentyawangles(figs.4 to 7) indicatesthata gradualchangetakes
placeinthedistributionsthroughandbeyondthecriticalrangeasthe
yawangleisticreased.Althoughthelocalizedregiansof separation
stillexistat19 and30°(figs.4 and5),theydonotappearaswell-
definedasat zeroyaw. Increastig,theyawangleto45°and60°(figs.
and7) resultsinthecompletedisapp~anceofthelocalizedregion
of separation.Theseresultsindicatethattheformationandbehavior
oflocalizedregionsof laminarseparationarenotindependentofcross
flow,atleastforcirc~ c-ylinders.

Thevalueofthepeaknegativepressurecoefficientinthesuper-
criticalrangeofReynoldsnumber(figs.3(b),k(b),5(b),6(b), and
7(b)) is se= tobe relative~insensitivetoyawangleexceptfor

.

6
.

~~-yaw,inwhichcasethepeakpressureissu&rknt~allyl~er thanfor
theotheryawangles.Thereasonforthisreductioninminimumpressure
coefficientat450yawisnotentirelyclear.Thepointatwhichthe
turbulentboundarylayerseparatesisseentobe aboutthesameforyaw
anglesof0°,17, and30°buttomoveforwardby relativelylargeamounts
foryawanglesof45°and@o withanaccompanytigincreaseintheneg-
ativepressureh thewake.

Drag.- Thedragcoefficientscorrespondingto thevariousyawangles
havebeencalculatedlyintegrationofthenmasuredpressuredistributions
aboutthecircumf=enceofthecylinderandarepresentedinfigure9

.
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.

asa functionofReynolds
astheReynoldsnumberat
mately3.65x 105forthe

7

number.ThecriticalReynoldsnumberdefined
whichthedragdecreasesrapidlyisapproxi-
unyawedcyl@der.Thisvalueismuchhigher

thanthatobtainedinearlierinvestigationssuchasthosere~ortedin
references7 to9. Thelowervalueof thecriticalReyaoldsnuniberin
theearliertestsisprobablydueto thehigherturbulencelevelsofthe
windtunnels.Thepresentresultscomparefavorably,however,withthose
ofa flightinvestigation(reference10)h whicha valueofapproxi-
mately3.0 X 105wasfoundforthecriticalReynoldsnumber.

Anexaminationofthedataoffigure9 indicatesthat,althougha
largedecreaseinthedragcoefficientwithReynoldsnwiberoccursfor
allyawanglesexceptforthecaseo% 60°yaw,thisdecreasebecomesmuch
moregradualastheyawangleis increased.Althougha criticalReynolds
numlerfortheyawanglesbetween0° and@o cannotYe defined,the
Reynoldsnuniberatwhichthedragbeginsto decreasegenerallyappears
todecreasewithincreasingyawangle.Fortheyawangleof &lothe
decreaseindragwithincreasingReynoldsnumberisveryabruptandthe
correspondingcriticalReynoldsnumberisabout1.00X lf)5as compared
to3.65x 105fortheunyawedcylinder.IftheReynoldsnumberwere
basedonthestreamvelocityandthechordlengthinthestreamdirection,

. thecriticalReynoldsnumberforthe&l”yawedcylinderwouldbe about
4.00x 105. Forthisparticularcaseat least,the.criticalReynolds
numberseemstobe morenearlyindependentofyawifthisReynoldsnumber

. isbasedonthestreamflowratherthanthenormalflow.Thenormalcom-
pnent ofthedragforceisseentodecreasesomewhatwithincreasein
yawangleinthesubcriticalregion(fig.9) exceptforthe60°yawed
cylinder.Theverylargeincreaseofthesupercriticaldragcoefficient
withyawangleisclearlyshowninfigure10. Thedataoffigures9 and
10 showthatthedragcharacteristicsof a circularcyltidercannotbe
relatedonlytotheReynoldsnuniberbasedonnormalvelocitycomponent
forReynoldsnunibersinandabovethecriticalrange.

CONCLUDINGREMARKS

An eqerimentalinvestigationhasbeenmadeofthepressuredis-
tributionabouta circularcylinderatyawanglesof0°,15°,30°, 450,
and60° for Re oldsnumbersran~ frombelowthecriticalvalueupto

Yabout5.0 X 10 . TheReynoldsnumberisbasedonthediameterofthe
cylinderandthecomponentofvelocitynormalto theaxisofthecylinder.
TheMachnunberoftheflownormaltothecylinderwaslessthan0.2for

. alltests.Theresultsofthetivestigationindicatedthatfortherange
ofReynoldsnumbernearandabovethecriticaltheflowandforcechar-
acteristicsofa yawedcircularcylindercannotbe determinedonlyby

. thecomponentofflownormaltotheaxisofthecyltider.Forexample,
thecriticalReynoldsnumberdecreasedfrom3.65x 107fortheunyawed

_.—.— —.— .—.—— _——— —— .
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cyltiderto 1.00X 105forthe&l”yawedcylinder,andthesupercritical
dragcoefficient,basedontheflownorml totheleadhgedgeofthe
cylinder,increasedfroma valueofapproximately0.18for0°yawto
approxhately0.74for60°yaw. Inaddition,thelocalizedregionsof
LaminarseparationthatappearedinthesupercriticalrangeofReyuolde
nuniberontheunyawedcyltiderwerenotaswell-definedatyawangles
of17 and30°andcompletelydisappearedatyawanglesof45°and&lo.

iiangleyAeronauticalLaboratory
NationalAdvisoryCommitteeforAeronautics

LangleyField,Vs.,June22,1951
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Figure2.-Comparisonofcircumferentialpressuredistributionsmeasured
atthreespantisestations6 inchesapartona 2-inch-diameter
circularcylinderat severalanglesofyaw.
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. Figure2.-Continued.
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Figure2.-Continued.
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Figure4.. Circumferential.pressureUstrihutionsat severalReynolds
numbersof a 2-inch-diametercircularcylinderyawed15°.
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